Avian nest building has traditionally been viewed as resulting in natural selection advantages, but it is also been associated with courtship and pair formation. We hypothesize that nest-building activity could be used as a sexually selected display, allowing each sex to obtain reliable information on the condition of the other. In this paper, we test the`good parent' process in a scenario where nest size is a sexually selected trait. Thus, individuals with more extreme displays (larger nests) might obtain bene®ts in terms of either parental investment or dierential parental investment by the partner. We predicted that: (1) species in which both sexes contribute to nest building have larger nests than those in which the nest is built only by one sex, because both sexes are using the nest-building process as a signal of their quality; (2) species in which both sexes work together in the nest-building process invest more in reproduction, because each can assess the other more reliably than in species where only one sex participates in nest building; and (3) in light of the two preceding predictions, nest size should be positively related to investment in parental care. A comparative analysis of 76 passerine species con®rmed that nest size, relative to the species' body size, is larger when both sexes build the nest and that species with a larger nest relative to their body size invest more in reproduction.
Introduction
An avian nest is a special construction forming a receptacle in which eggs and young develop. The nest may be an evolutionary compromise between such bene®ts as insulation from adverse environmental conditions (low temperatures and rain), keeping the eggs (or nestling) warm during incubation (depending on the material used in nest building) and other physical factors (Kern, 1984; Kern and Riper, 1984; Sciurine and Kern, 1980) , and such costs as the energy expended in nest building, predation risk during nest building and nest predation due to nest conspicuousness (Slagsvold, 1984 (Slagsvold, , 1989a Lima, 1987) .
The size of a nest is also related to the birds' body size, nest type (open, domed or cavity) and clutch size (see Slagsvold, 1982 Slagsvold, , 1989a . Altitude and latitude also in¯uence the size of a nest in relation to the insulation function (Kern and Riper, 1984) . However, much variation in nest-size parameters still remains to be explained.
Nest-building behaviour is often associated with courtship and pair formation in birds because males can use nest sites and nest material to attract a mate. The degree to which this behaviour is used in courtship varies from mere manipulation of a piece of nest material, or display of a potential nest site, to the building of an entire nest by the male (Collias and Collias, 1984) . The actual nest-building behaviour is used in displays by polygamous and monogamous bird species (see examples in Collias and Collias, 1984) .
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Evolutionary Ecology 1998, 12, 427±441 Ó 1998 Chapman & Hall Nest-building behaviour may signal the reproductive condition of individuals and reproductively stimulate a partner (Collias, 1964) . This idea has received little attention in the literature on the evolution of nest-building behaviour and, in general, there is very little information on the importance of the nest itself and its role in mate choice (Hoi et al., 1994) . For instance, a nest may indicate parental quality, experience or genetic quality (Borgia, 1987) , and females could bene®t from mating with good nest-building males. However, if nest building is costly (in terms of energy and predation), only individuals in good condition (strong physical condition or high ability to defend the nest) should be able to build large nests (Zahavi, 1987) . Thus, nest-building behaviour could provide information to a bird about the quality of a potential partner, and such assessment of mate quality may allow individuals to choose a mate in non-monogamous species, while in monogamous species assessment may also allow partners to invest dierentially in reproduction relative to the quality of a mate (Burley, 1986; Mùller, 1994) . The average nest size of each species may therefore partially depend on whether one or both members of a pair use nest building as a signal of quality for their mate.
It has recently been shown for the magpie (Pica pica, Soler et al., 1995) and the black wheatear (Oenanthe leucura, Moreno et al., 1994) that individuals with better parental qualities build larger nests. Furthermore, it has been shown experimentally in the black wheatear that (1) morphological adaptations exist for stone-carrying (used in the nest structure), which is an extreme display used in post-mating sexual selection (Mùller et al., 1995) , and (2) an experimental increase in the number of the stones carried results in increased reproductive success (Soler et al., 1996) .
In the present study, we use a comparative approach to test the idea that nest building also gives rise to sexual selection. However, we have restricted ourselves to an examination of the hypothesis based on the good-parent process in sexual selection. Therefore, we have used only species in which both sexes provide parental care of nestlings, because if only one sex tends the nestlings, then traits other than parental ability will inevitably be selected in the process of nest building, such as reduced participation in extra-pair copulation, genetic quality or the size of the nest itself because of related characteristics (thermal insulation, anti-predation, etc.) (Hoi et al., 1994 (Hoi et al., , 1996 . Our hypothesis is that one or both members of a pair judge the eort invested by the mate in nest building as a cue to the phenotypic quality of the partner (parental quality in this case), and this information is used for decisions about investment in reproduction.
Hypotheses and predictions
The nest-building behaviour or nest characteristics could be used as a sexually selected display, allowing members of one sex to obtain reliable information on the condition of potential partners, and individuals with more extreme displays (larger nests) would thus obtain bene®ts in terms of absolute or dierential parental investment by the partner.
We made the following predictions based on the good-parent process (see above):
1. Nest size for each species should be optimized by natural selection in terms of cost and bene®ts, but if no sexual selection process is involved in the resulting nest size, then this optimum should depend on the demands of the eggs and nestlings and not on which or how many individuals were involved in nest building. Thus, any nest-size dierence in relation to the number of individual builders indicates an extra cost attributable to sexual selection. Thus, for species in which both sexes contribute to nest building, we predict bigger nests (after controlling for the allometric eect of body size and other variables aecting nest size; see Materials and methods) than for species in which the nest is built only by the female.
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which both sexes build together (both sexes, having information on partner quality, should mutually invest more in reproduction) compared with species in which the female builds alone (only species in which both sexes feed the nestlings are included in the analysis). 3. If the two foregoing predictions are true, then we should, in general, ®nd a direct relationship between nest size and investment in parental care for each species. Therefore, we predict that species which build larger nests (in relation to their body size) should also be those that invest more eort in reproduction.
Materials and methods
In this study, we used the duration of the nestling period relative to body size as an index of parental investment (reported by Perrins, 1987) , because this stage is the most conspicuous component of parental care (Winkler and Wilkinson, 1988) and it has been demonstrated experimentally that the amount of parental eort is regulated by the length of the nestling period (Johnsen et al., 1994) . Therefore, the duration of the nestling period could be an appropriate measure of parental eort.
The exposure of the nest to predation may also aect the amount of eort that should be devoted to nest building. If the probability of predation is high, selection may favour a small nest to minimize the problem of attracting the attention of nest predators. In addition, the duration of the nestling period is positively related to the risk of nest predation (Bosque and Bosque, 1995) , which may interact with nest size and also with which sex builds the nest. To account for this interaction, we (1) corrected nest size for the duration of the nestling period of each species and, to analyse the relationship between nest size and the duration of the nestling period (prediction number 3), (2) we analysed the data including and excluding hole-nesters, because hole-nesting birds have a reduced risk of predation, which has led to the evolution of a long nestling period (Lack, 1968; Bosque and Bosque, 1995) .
We calculated clutch size and body size as the average between the maximum and minimum values reported by Perrins (1987) . When the sex of the builder contradicted any of the source books used (Harrison, 1975; Perrins, 1987; Cramp, 1985±92; Cramp and Perrins, 1993±94) , we used the information only if two references were in agreement. If information was available in only two references, and these were contradictory, we deleted that species from the analysis. We used information if available from only one reference.
The nest-size parameters were taken from Dementiev and Gladkov (1966±68) , Haftorn (1971) and Niethammer (1937) . We used nest diameter, nest depth, cup volume, nest-material volume and nest thickness as de®ned in Fig. 1 . Nest volume and nest-material volume were estimated as shown in Fig. 1 . To reduce the number of nest parameters and the in¯uence of any one variable on the others in the results, we conducted a principal component analysis, which resulted in one factor explaining 75.3% of the variance (eigenvalue 3.77; the loading factors were 0.903 for nest diameter, 0.797 for nest depth, 0.920 for nest cup volume, 0.920 for nest volume and 0.759 for nest thickness). We use the value of this factor for each species as an estimate of nest size (original variables in Table 1) .
A rough measure of geographical distribution was obtained from Dementiev and Gladkov (1966±68) , to the nearest ®ve degrees of latitude traversing the middle of the range of the species in the Palaearctic (Table 1) .
To control for the possible eect of common phylogenetic descent, we used Felsenstein's (1985) independent comparison method as implemented in a computer program by Garland et al. (1993) for the continuous variables, and CAIC (Purvis, 1991) when assessing the in¯uence of the sex involved in nest building (discrete variable) on nest size and duration of the nestling period. This Nest building and sexual selectionmethod ®nds a set of independent pairwise dierences or contrasts, assuming that changes along the branches of the phylogeny can be modelled by a Brownian motion process (successive changes are independent of one another), and that the expected total change (i.e. the sum of many independent changes) is zero (Harvey and Pagel, 1991) . That is, the rate of evolutionary change per unit branch length is equal in all branches of the phylogeny (Harvey and Pagel, 1991) . To check whether the contrasts were adequately standardized, we plotted the value of the contrasts against the variance of the raw contrasts, but in no case did we ®nd a signi®cant correlation ( b 0X08). Therefore, pairwise dierences in the phylogenetic tree were considered to be independent of each other (Harvey and Pagel, 1991) . The advantage of independent comparison approaches is that, by partitioning the variation appropriately, all contrasts can be used to assess a hypothetical comparative relationship (Harvey and Pagel, 1991) .
Nestling periods and nest-size parameters were approximately normally distributed after natural log-transformation, while latitude and clutch size were already normally distributed (KolmogorovSmirnov N.S.).
We used the phylogenetic passerine classi®cation given in Howard and Moore (1991) , because the taxonomic classi®cation based on DNA±DNA hybridization techniques of many species in the present study is poor (Sibley and Ahlquist, 1990) . In the analysis, we assumed polytomies (multiway speciation events) between dierent species within the same genus (see Purvis and Garland, 1993 , for problems with polytomies, their implications and possible solutions), and we set all branch lengths of all species to the same length ( 1) Purvis and Garland, 1993) .
Nest size and the duration of the nestling period are related to body size (see above). To remove this source of variation, we ®rst calculated the slope through the origin for the contrasts of body mass of the species (independent variable) and the contrasts of nest size and duration of the nestling period (dependent variables). Later, we used these slopes to compare the expected values for body size (standardized) for each species and their residuals with the observed values for nest size and duration of the nestling period. We used the standardized residual in all statistical analyses as the value of the nest parameter controlled for body size (Harvey and Pagel, 1991) . Soler et al. We used latitude and clutch size as independent variables in the multiple regression analyses, because both parameters can in¯uence nest size (Kern and Riper, 1984) . The size of the nest could also depend on nest type (open, semi-open or hole), because of dierent levels of predation pressure and physical constraints (see above); therefore, we analysed the prediction both including and excluding hole-nesters.
All tests were two-tailed, except those analysing relationships between contrasts of continuous and discrete variables, when mean values of the contrasts were tested to be signi®cantly dierent from zero (Purvis, 1991) .
Results

Relationships between body size and nest size and duration of nestling period
We found a statistically signi®cant relationship between contrasts in body size and contrasts in nest size (r 0X676, p 1Y75 75X61, `0X0001) and between contrasts in body size and contrasts in the duration of the nestling period (r 0X366, p 1Y71 12X49, `0X001).
Prediction 1: the nest should be larger when both sexes build. In agreement with this prediction, the analysis of the contrasts of the residual (nest size corrected for body size) revealed that species in which both sexes together build the nest had larger nests than those in which only the female builds the nest (one-tailed t-test, t 8 3X013, 0X008). This association was also signi®cant when we excluded hole-nesters from the analysis (t 7 2X919, 0X011). When we corrected the residual nest size for the duration of the nestling period, the relationships were also signi®cant (t 6 2X312, 0X03), even when hole-nesters were excluded from the analysis (t 6 2X922, 0X013). Prediction 2: species in which both sexes participate in nest building should invest more in reproduction. In agreement with the prediction, the analysis of the contrast of the residuals of the duration of nestling period, after controlling for body size, revealed that species in which both sexes built the nest had longer nestling periods than those in which only the female built the nest. However, this relationship was not signi®cant, either when including (t 7 0X890, 0X202) or excluding (t 6 1X383, 0X165) hole-nesters.
Prediction 3: species with a larger nest relative to their body size should also invest more in reproduction. Hence, in the residual analysis we should ®nd that contrasts of relative nest size are positively correlated with contrasts of the relative duration of the nestling period. We found that the species with longer relative nestling periods have relatively larger nests than those with smaller nest parameters, both when including (Fig. 2, Table 2 ) and excluding (Table 2) hole-nesters. We used latitude and clutch size contrasts as independent variables in a multiple regression analysis. When we included hole-nesters, the partial regression coecients were signi®cant for all three independent variables, whereas when hole-nesters were excluded, the partial regression coecient for latitude was only marginally signi®cant (Table 2) .
Discussion
Pair formation in birds is closely related to nest-building behaviour, as evidenced by nest-site choice and the use of nest material by many birds during courtship and pairing (Collias and Collias, 1984) . Generally, nest building has been viewed as a result of natural selection. The most important advantage of the nest is perhaps its insulating capacity (Whittow and Berger, 1977; Sciurine and Kern, 1980; Kern, 1984) and the resulting reduction in the energetic cost of incubation (Walsberg and King, 1978; Sciurine and Kern, 1980; Kern, 1984; Kern and Riper, 1984) . However, some studies have shown that, although thermal conductance was signi®cantly related to nest mass and several nest dimensions, it was not a simple function of nest size (Kern, 1984; Kern and Riper, 1984) , but depended instead on the porosity or density of the wall of the nest (Sciurine and Kern, 1980; Kern, 1984; Kern and Riper, 1984) . Other natural selection advantages of a large nest include increased stability, and thus greater structural resistance to wind or other environmental hazards, and a reduced risk of eggs or nestlings falling from the nest (Collias and Collias, 1984) .
Natural selection would result in an optimal nest size based on environmental factors that are dependent on the demands of eggs and nestlings but independent of the nest builder. If the nest is built only to insulate and protect the clutch and the chicks, there should be no dierence in nest size between species in which both sexes cooperate in nest building and those in which only the female builds the nest. However, our results show that nest size does depend on the builder (one or both sexes).
Based on the idea that nest size is merely the result of natural selection pressures, we should expect nests in places with lower temperatures to be larger than in places with higher temperatures, as shown in previous studies (Kern, 1984; Kern and Riper, 1984) . We found a signi®cant positive relationship between latitude and nest size (Table 2) . However, considerable residual variance needs to be explained. Furthermore, nest size showed a highly signi®cant positive relationship with the duration of the nestling period as predicted by our hypothesis regarding nest-building as sexual selection (prediction 3), and thus a large nest may be a sexually selected trait which allows each member of a pair to assess the parental ability of its partner.
The duration of the nestling period is related to body size and to the risk of nest predation (Bosque and Bosque, 1995) . If the probability of nest predation is low, selection may favour a long nestling period. And if young are to remain for a long period in the nest, they need a wide and stable nest. However, when we corrected the nest size for the duration of the nestling period and for body size, signi®cant dierences in nest size appeared between species in which the two sexes build together and those in which only the female builds. 
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It is dicult to distinguish between the eects of the risk of nest predation and parental investment on the duration of nestling period. However, because the risk of nest predation does not appear to be related to the number of pair members participating in nest building but to the number of trips necessary to transport all nest material, variability in parental investment remains the only likely factor to account for the association of dierences in the duration of the nestling period with the number of pair members involved in the nest-building process. Since both sexes cared for nestlings in all species in this study, dierential parental investment should be related to the nest-building process, as stated by our second prediction. However, the relationship was not statistically signi®cant. Because of polytomies, when we controlled for common phylogenetic decent, we only obtained eight and seven contrasts when including and excluding hole-nesters, respectively. Because the duration of the nestling period is the result of both parental investment and the risk of nest predation, more data (to increase the degrees of freedom) and a better phylogeny of the species (to reduce the number of polytomies) are needed to reach a ®rm conclusion regarding the relationship between the duration of the nestling period and which of the sexes builds the nest.
Other hypotheses proposed to explain variation in nest size 1. Nest size could be a consequence of clutch size, because brood size may be constrained by nest size in passerines (Slagsvold, 1989a) . Our data revealed a signi®cant positive partial regression coecient between clutch size and nest size, but it was smaller than the partial regression coecient for the relative duration of the nestling period (Table 2 ). However, we found no relationship between contrasts of the relative duration of the nestling period and contrasts of clutch size (including hole-nesters: r 0X140, p 1Y70 1X40, b 0X20; excluding hole-nesters: r 0X179, p 1Y70 2X05, b 0X15), while contrasts of nest size (corrected for body size) were signi®cantly positively correlated with contrasts of the duration of the nestling period (corrected for body size, Table 2 ). This agrees with our hypothesis (prediction number 3).
The increase in clutch size in relation to nest size can be explained by the fact that greater ability to nourish ospring is associated with larger clutch size (Lack, 1968; Sñther, 1994) . The female can assess mate quality by his nest-building behaviour or nest characteristics, and then adjust clutch size accordingly. Therefore, a large nest-building eort (large nests) is predicted to be related to large clutch sizes and good reproductive success. There is some evidence in the literature that is consistent with an increasing reproductive success (brood size or breeding success) in larger nests: Slagsvold (1982) found greater breeding success when he increased the size of the nest in the ®eldfare (Turdus pilaris). Mùller (1982) also reported a positive relationship between nest size and clutch size in the barn swallow (Hirundo rustica). Moreno et al. (1994) showed that bigger nests had higher breeding success in the black wheatear, and that alternative explanations for large nests, such as thermoregulation, were unlikely. Experimental manipulation of the number of stones carried by mated male black wheatears aected the timing and the rate of reproduction by their mates (Soler et al., 1996) . Soler et al. (1995) , studying the magpie, found a positive relationship between nest size and territory quality as well as indirect evidence for a relationship between nest size and parental quality.
2. Males may use the amount of nest material delivered as a means of obtaining more pair copulations (Tortosa and Redondo, 1992) . In the white stork (Ciconia ciconia), Tortosa and Redondo (1992) found a positive relationship between percentage of nest material delivered by individual males and pair copulation rate. However, the copulation rate was simultaneously related to the time spent at the nest, nestling feeding rate by the male and the female, and breeding success. Before laying, the female may be able to assess the foraging eciency of males by monitoring copulation frequency and, perhaps, by the delivery of nest material (Tortosa and Redondo, 1992) . However, experimental food supplementation resulted in larger nests and clutch sizes, and showed that males copulated less during the period preceding maximum female fertility in food-supplemented areas than in non-food-supplemented areas (opposite to the prediction of the frequency of copulations being a reliable signal of foraging eciency; Tortosa and Redondo, 1992) . Therefore, the results agree with our hypothesis that male nest building allows the female to assess the quality of her mate.
Why don't all individuals build a large nest?
Nest size is constrained by dierent parameters (see Slagsvold, 1989a ):
1. Cost of nest predation. Nest conspicuousness is related to risk of nest predation (Lack, 1954) , and thus large nests appear to suer more from predation than small nests (Snow, 1978) . This is one of the most important constraints on nest size (Collias and Collias, 1984; Slagsvold, 1989a) . However, in two experiments (Slagsvold, 1982 (Slagsvold, , 1989b and two sets of observational data (Pikula, 1979; Soler et al., 1995) , predation rate did not dier according to the size of the nests. Although this cost of predation is logical, intraspeci®c variation in nest size is not related to the risk of nest predation.
2. Cost of adult predation during the nest-building period. Another reason why passerines do not build larger nests could be the risk of adult predation while nest building (Collias and Collias, 1984) . However, in this scenario, nest size ± that is, the capacity of one (or two) individuals to build a large nest ± could provide information about the ability of that individual to avoid predation, and also about the risk taken by that individual bird in the nest-building process (in terms of time spent building). Therefore, although risk of nest predation could limit nest size, the result of the trade-o between nest size and risk of predation could be used as a signal of individual quality in sexual selection.
3. Cost of carrying nest material. The cost of carrying nest material could also be an important constraint for time and energy reasons. One extreme example of this cost has been described in the black wheatear. This 40 g bird carries, on average, 1.8 kg of stones during an average of 7.8 days, and breeding success is positively related to the number of stones carried (Moreno et al., 1994) . The number of stones carried could provide females with an estimate of the mate's provisioning 438 Soler et al.
capacity, and the nest-building signal could prompt females to invest more or less in reproduction (Moreno et al., 1994) . Female birds usually invest more than male birds in reproduction (CluttonBrock, 1991) . When both sexes build the nest, it is the male that usually carries the heaviest material and the female who places it in the nest (Collias and Collias, 1984) , thus allowing the female to evaluate the working ability of the male.
In conclusion, we hypothesize that nest building has a sexual selection component, and that the trade-o between the costs and the bene®ts of a large nest could be used by pair members for mutual assessment of phenotypic quality. In accordance with this hypothesis, we found that (1) nest size was larger when the nest was built by both sexes, and (2) parental investment estimated as the relative duration of the nestling period was positively related to relative nest size.
Could sexual selection based on nest-building activity or nest characteristics occur in organisms other than birds?
Nest building is widespread in the animal kingdom (Hansell, 1984) and, therefore, it is possible that sexual selection based on mutual assessment of parental quality from nest-building activity or nest characteristics could occur in organisms other than birds. However, there is little information on nest size and reproductive parameters in organisms other than birds. However, the information we have collected indicates that, in some cases, there may be a relationship between reproductive parameters and size of the nest. For example, beavers (two species of the genus Castor), with some lodges reaching 12 m in diameter and 2 m high (Warren, 1927) , are monogamous (Bishir et al., 1983) . These species could be appropriate ones in which to study the relationships between nestbuilding activity, size of the nest and the quality of the partner.
In teleost ®shes, some species are characterized by parental care for eggs in a nest (CluttonBrock, 1991; Pitcher, 1993) . Usually males defend nests that are used by females for egg laying. According to our hypothesis, females choose their mate (nest) in relation to characteristics of the nest, such as its quality (see references in Pitcher, 1993). Large nests have more eggs and, in some species, male body size is positively correlated with nest measurements and also with the number of eggs in the nest (see references in Hastings, 1988; Kraak and Videler, 1991) . Nest defence is one of the most important components of parental care in ®sh (Clutton-Brock, 1991) . If a male occupies a high-quality nest, he is able to defend the nest against other males or predators (when the nest already contains some eggs; Kraak and van den Berghe, 1992) . Therefore, nest characteristics are related to the parental ability of males and thus reliably signal male quality.
